A versatile photoreactor was built for studying homogeneous and heterogeneous photochemical reactions using fiber-optic devices. The reactor was designed to allow simultaneous photochemical initiation and online spectrophotometric monitoring of the reaction using independently controlled excitation and detection lamps. The system consists of a CCD spectrophotometer, a thermostated sample holder, two light sources, and standard 1.00 × 1.00 cm (or possibly smaller) fluorescence cuvettes, all coupled with fiber optic cables. The device can be used as a photoreactor, a diode-array spectrophotometer and also as a spectrofluorimeter. The reactor can be used in flow-through operation modes. Performance tests of the instrument are reported here with a number of known photochemical systems.
Introduction
The light sources of diode array spectrophotometers have high enough luminosity to initiate photochemical reactions during measurements, which is a major possible source for erroneous conclusions, but also makes this instrument a suitable tool for photochemical studies. [1] [2] [3] [4] [5] [6] [7] This technique can record high quality kinetic curves with very good time resolution, which are really necessary in modern chemical kinetics for drawing solid conclusions, 8 but also has some disadvantages as the light beam used to drive the photoreaction is the same as the analyzing light beam. Therefore, detection is impossible when the strong illumination beam is turned off, which may occasionally be a significant limitation in the case of photoinitiated chain mechanisms. 4, 8 Another problem with this setup is that modifying the spectral characteristics of the driving light also influences the performance of spectrophotometric monitoring. Despite these disadvantages, using diode array spectrophotometers to study the kinetics of overall photochemical reactions seems to have considerable potential [1] [2] [3] [4] [5] [6] [7] [9] [10] [11] especially because other kinetic techniques are usually limited to determine the lifetime of excited state species appearing as intermediates in such processes. Yet it is clear that decoupling the excitation and analyzing light beams could provide rather useful novel information.
Efforts to achieve this goal have already been reported by Gombár et al., who used different LEDs as excitation light sources in a fiber-optic CCD spectrophotometer. 10 The LEDs were housed above the cuvette, which made the illumination path length dependent on the overall sample volume, therefore making volume-dependent studies, which often yield useful information, 2,7,10 difficult to carry out. Although there has been quite spectacular improvement in LED technology recently and LEDs are now available with a reasonably narrow spectral band width at a wide variety of wavelengths, the relatively low light intensity of these devices also poses a limit on the reported design.
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This work reports the construction of a photochemical reactor with a high intensity xenon lamp as an excitation light source and an independent fiber-optic CCD spectrophotometer as a detection tool. The geometry of the system allows for an additional method of monitoring, e.g. immersion of ion selective electrodes, and also facilitates a flow-through type operation mode. The possible uses of the newly developed instrument were demonstrated in known homogeneous and heterogeneous photoreactions.
nanopowder, particle size <25 nm, specific surface area 45-55 m 2 g −1 , melting point 1825°C, density 3.9 g mL −1 at 25°C, bulk density 0.04-0.06 g mL −1 ) were all obtained from
for the actinometric measurements was synthesized as described earlier. [11] [12] [13] Solutions were prepared using double distilled and Millipore-Q filtered water.
Instrument parts
All the parts of the reactor were purchased from Avantes including the detection light source (AvaLight-DHc), the light attenuator (Avantes ATT-INL, 0-100%), the fiber-optic switch, the spectrometer (Avaspec-2048L-TEC-RS) and the excitation lamp (AvaLight LDXE). The sample holder unit with a built-in magnetic stirrer was custom designed by Quantum Northwave. The softwares used to control the detection and the illumination system were Avasoft 7.5 and Matlab 7.10.0.499. The temperature and the rate of stirring were controlled with Q-blue software. In flow-through experiments, a Gilson Minipuls 2 peristaltic pump was used, which holds two tubes in tandem and has an adjustable rate between 1 and 25 rpm.
Results and discussion

Design of the photoreactor
The reactor was designed to enable the monitoring of a photoreaction spectrophotometrically while the sample is illuminated independently. Therefore, separate detection and excitation light sources were used as shown in Fig. 1 ( photo shown as Fig. S1 in the ESI †). The excitation part of the system consists of the light source itself, an attenuator and a programmable fiber-optic switch before reaching the sample holder. The excitation lamp is an AvaLight LDXE xenon lamp with a 1000 nm laser focused on it, and emits intense light in a broad wavelength range (from 170 to 1100 nm, spectrum shown in Fig. S2 in the ESI †). This lamp has a stable intensity and an expected lifetime over 10 000 h. The light from the lamp is guided into a simple attenuator with a silica-core fiber-optic cable. Using the attenuator aperture, the intensity of the excitation light can be decreased if the adjustment of the photon flux is necessary. Actinometry or a similar calibration is necessary (see later) to determine the degree of attenuation after every adjustment. The light is then guided into the fiber-optic switch, which can shut off the excitation light as needed using a manual switch on the device or through a TTL signal from the spectrometer with a maximum switching rate of 50 Hz. The programmable mode makes it possible to create illumination patterns in experiments as needed to extract valuable kinetic data.
The fiber-optic switch can also hold 5 mm thick rectangular optical filters. Using appropriate cut-off, cut-on or bandpass filters, the spectral properties of the excitation light can be tuned. The design of this fiber optic switch is such that it can also be used as a second, non-thermostated cell holder during flow-through experiments.
The sample holder is placed at the end of the excitation line and serves as the central unit of the system. It is a modified Qpod 2e temperature controlled cuvette holder (Quantum Northwave). The holder is equipped with a built-in Peltiermodule to control the temperature and a built-in magnetic stirring unit (stirring rate adjustable in its software up to a maximum of 1000 rpm, typically with 6 mm Teflon stirring rods). The sample holder can house standard 1.00 × 1.00 cm (or smaller, possibly custom-made) four-sided fluorescence cuvettes. The holder has four ports on its four sides ( Fig. 2) for connecting the appropriate optical components. The volume of the sample solution in this cell can be varied between 1.50 and 3.50 cm 3 . This is a very advantageous feature of the new reactor as decreasing sample volumes during photochemical studies is often desirable.
14 Out of the four ports, the two opposite ones are used for excitation while the other two are used for detection. One of these pairs is modified to allow for some vertical adjustment of the ports therefore enabling vertical separation of the plane of excitation and the plane of detection by a maximum of 6 mm (illustration in Fig. S3 of the ESI †). This setup eliminates the possibility of the excitation light entering the detection line by light scattering. When using fluorescent substances, the fluorescent light can be excluded from the detected signal by separating the two planes. If fluorimetric detection is used, the excitation and detection ports are set to identical heights. Three of the ports on the sample holder can accommodate collimating lenses, one may also house a flat faced mirror plug 
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after the sample opposite to the excitation port, which effectively doubles the excitation path length as illustrated in Fig. 2 . Using the built-in Peltier module, the temperature can be adjusted between −30 and +110°C (an outer water reservoir is connected to cool the Peltier unit). Inert gas purging of the sample holder compartment is also possible through a port in order to avoid vapor condensation at low temperatures (below room temperature) or to facilitate measurements in the deep UV. Our tests were carried out between 5.0 and 60.0°C.
The other key part of the setup is the on-line photometric monitoring system, which consists of a detection light source and a detector. The light source is a combined deuteriumhalogen lamp with continuous emission from 200 to 2500 nm. Its intensity is more than ten thousand times lower than that of the excitation light source. Testing whether this very low light (detection) intensity influences the studied system is possible by closing the shutter of the excitation beam. The spectrometric detector (Avantes Avaspec 2048L-TEC-RS) is at the end of the detection line. This is a CCD detector containing 2048 thermo-electrically cooled pixels with a 300 line per mm grating for the wavelength range 170-1100 nm and has a special coating to increase UV-sensitivity and order-sorting filters to reduce second order effects. The spectral resolution and the sensitivity can be altered within certain limits by choosing a suitable slit. The minimum integration time is 1.3 ms, which compares quite favorably with commercial diode array spectrophotometers, where the typical minimum is 0.1 s.
Application modes of the instrument
In addition to its main use as a programmable photoreactor, our instrument has a number of other applications as well. To use it as a spectrophotometer, one only needs to shut off the excitation light. Compared to diode array spectrophotometers, the recording speed is high and the light intensity is low in a CCD instrument, which may be advantageous when light sensitive materials are studied. For fluorescence or phosphorescence studies, the excitation port on the sample holder is lowered to the same level as the detection ports, and the detection lamp is turned off. In this mode, the progress of a photochemical process can also be monitored if one of the involved components shows fluorescence. A mirror can also be placed into the detection light inlet to reflect the emitted light into the detection port and increase the fluorescence sensitivity. Phosphorescence lifetime measurements can be carried out by shutting off the excitation light after a brief initial period and recording the changes in the emission spectrum. The determination of turbidity is also possible in this setup by scattering at a 90°angle.
Performance tests
As the first performance test, the reaction between iodine and chlorate ions in acidic medium was used, which is understood to be a photoinitiated autocatalytic reaction. 4 A key point in the proposed mechanism is that light is only needed to produce some autocatalysts, but it is unnecessary when the autocatalytic pathway speeds up. In the earlier study, this point could be proved by an indirect experiment in which light was switched off after an initial period. 4 Using the present photoreactor, this crucial point could be demonstrated directly by switching off the excitation light before the end of the induction period. As expected (Fig. 3) , the induction period was slightly longer, but the kinetic trace was very similar to the one detected under continuous illumination.
In the photoinitiated and cerium(III) catalyzed autoxidation of sulfur(IV), 9 a particularly interesting feature of the mechanism is that the loss of sulfur(IV) continues (albeit with a decreasing rate) for some time after the illumination is stopped. In the earlier study, indirect experimental evidence was obtained for this phenomenon from analyzing experiments done with the introduction of dark intervals of the gradually increasing length. 9 In the present reactor, direct evidence of this somewhat counterintuitive phenomenon could be obtained as shown in Fig. S4 and S5 in the ESI. † A photochromic material, 1,
15-17 was found to be ideal for demonstrating the capabilities of the constructed photoreactor. A solution of this substance in ethanol was illuminated by switching on the excitation light beam. As shown in Fig. 4 , the photochromic equilibrium was reached in less than 10 s. Discontinuing the illumination resulted in a switch back to the original form, and the change was again complete within 10 s. The high time resolution of the present photoreactor is essential here to study the kinetics of the interchange of the two forms.
Further tests with the known homogeneous aqueous photoreactions of 2,4,6-trichlorophenol (TCP) [18] [19] [20] and 2,6-dichloro-1,4-benzoquinone (DCQ) 2, 21 were also carried out (see Fig. S6 and S7 in the ESI †). The aqueous photodegradation of TCP, which was reported to have a quantum yield of 0.02-0.03, 19 was driven to completion in about 120 min in the new photoreactor (Fig. S6 in the ESI †). The reported quantum yield of the photodegradation of DCQ is close to 1, 2,21 and the process was completed in 5 min using the new photoreactor (Fig. S7 in the ESI †). In the earlier photochemical study using a diode array spectrophotometer, the reaction time was about 90 min. 2 These facts indicate that the xenon lamp used for excitation in our experimental setup has sufficient high intensity for applications even in the UV range.
To test the applicability of the reactor in heterogeneous systems, TiO 2 (anatase) was used in a few examples as a photocatalyst in the decomposition of organic materials. Fig. 5 shows an example where TCP was used as a test material to be degraded. 22, 23 From this example, it is clear that the time resolution in these experiments was high enough to follow even the initial fast adsorption of TCP onto the surface of the solid photocatalyst as shown by a rapid initial absorbance decrease on the kinetic trace.
In similar experiments, the decomposition of methylene blue, another process with a considerable literature background, [24] [25] [26] [27] [28] [29] was also monitored in a heterogeneous system (Fig. S8 †) . An interesting and crucially important observation was made here. When dispersed solid particles are present in the solution, their light scattering contributes to the instrumentally measured absorbance despite the fact that it does not originate from absorption. This may cause difficulties in analyzing the data in a fully quantitative manner. In our photoreactor, the absorbance contributions coming from the light scattering and the absorption of the dissolved material seem to be additive if the stirring is intense enough (1000 rpm). This was proved by a series of experiments where the spectra of a homogeneous methylene blue solution, an anatase suspension and their mixture were recorded. As shown in Fig. 6 , subtracting the spectrum of the anatase suspension from the spectrum of the mixture gave the exact spectrum of the homogeneous methylene blue solution. Therefore, the concentration of methylene blue can be calculated directly from the spectra based on Beer's law after an appropriate calibration (Fig. S9 in the ESI †), and on-line monitoring of the kinetics of the heterogeneous process is quite feasible. A similar experiment using a commercial diode array spectrophotometer failed to demonstrate a similar additivity (Fig. S10 in the ESI †), so this property seems unique to our experimental setup. The reason for this unexpected additivity in our photoreactor may be due to the presence of collimating lenses in the detection light beam.
Actinometry
The emission intensity of the lamp used to drive the photochemical processes in the new reactor can be advantageously determined by ferrioxalate actinometry. 12, 13 Recently, Lehóczki et al. have reported an improvement of this method in which the concentration of iron(II) formed is calculated directly from the spectral changes of the actinometric solution rather than from a separate analysis step. 11 The improvement makes Fig. 7 , whereas a sample kinetic trace at 330 nm (which is ideal for the calculations 11 ) is shown in Fig. S11 of the ESI. † The calculated intensity spectrum of the lamp is shown in Fig. S2 in the ESI, † as already mentioned.
Flow-through possibilities
Flow photochemistry is a currently emerging field. 14, [31] [32] [33] The new photoreactor can also be operated in a flow-through mode using a peristaltic pump with two tubes in two different setups. The flow inlet and outlet are placed at the top of the four-sided fluorescence cuvette. Alternatively, a 1.00 cm flowthrough cell is used in the sample holder for illumination and a second flow-through cell is placed into the fiber optic switch for detection (Fig. S12 in the ESI †). TCP degradation with and without the photosensitizer tris(2,2′-bipyridyl)ruthenium(II) 34, 35 ion was used to test this operation mode (Fig. S13 in the ESI †).
Conclusions
The present work shows that a multifunctional modular photoreactor using on-line spectrophotometric detection of a very high time resolution can be readily constructed from commercially available parts with minimal modifications. The sample volume is small and easily controllable between 1.50 and 3.50 cm 3 with a single standard fluorimetric cuvette. The instrument can yield high-quality kinetic information on overall photochemical processes, both in homogeneous and heterogeneous systems. A recently developed on-line actinometric method can be used in this instrument very easily. This photoreactor may find versatile uses in the study of photochemical processes including flow-through systems.
